For the past few decades there has been an intensive search for biomarkers of psychiatric states such as schizophreniform or depressive syndromes. Currently, different neurobiological signals are being discussed as potential candidates, such as brain volume, cerebral blood flow, plasma proteins, sleep patterns and blood oxygen level-dependent (BOLD) functional magnetic resonance imaging (fMRI). [1] [2] [3] [4] [5] An objective biomarker of depression could be very helpful in distinguishing classical depressive episodes from depression in the context of other disorders such as schizophrenia or life events. It also might be helpful in objectifying the therapeutic response to medication or psychotherapy.
Electrophysiological, psychophysical and fMRI signals arising from the visual system are further candidates as biomarkers of depression. Visual contrast sensitivity and visual-evoked potential amplitudes are known to be reduced in depression. 6, 7 Moreover, there is evidence that antidepressant medication can modulate visually evoked potentials in healthy individuals. 7 In people with seasonal affective disorder, an initially diminished flash electroretinogram normalised after light therapy, 8 and mood states have a surprisingly strong influence on the visual-evoked potential. 9 A recently published fMRI study described elevated visual cortical activity in sustained remitted patients with depression and a decrease in activity in those who relapsed. 4 Another candidate as a biomarker for depressive states is the retinal contrast gain. Retinal contrast processing is easy to assess with an electrophysiological signal, which arises at the level of the retina in response to phase reversing stimuli (gratings or checkerboards) with varying contrasts (Fig. 1 ). This signal is the pattern electroretinogram (PERG), which reflects retinal ganglion cell activity and is recorded at the cornea in response to visual pattern stimulation. 10, 11 The PERG can thus serve as a surrogate marker of retinal information processing from photoreceptors to the origin of the optic nerve. It is modulated by changes in the catecholaminergic system, especially the dopamine system with a reduction under dopamine depletion conditions. 12, 13 Psychopharmacological treatment with antidepressants leads to alterations in the catecholaminergic system that depicts an important pathophysiological mechanism underlining depression.
14 When stimulating rapidly (faster than about five reversals per second), a somewhat sinusoidal response is obtained in response to the phase-reversing checkerboard. The relationship between the amplitude of this curve and the contrast of the presented grating is nearly linear, i.e. the stronger the contrast, the larger the amplitude. 15 Since patients do not have to consciously respond in any way but only have to observe the phase-reversing checkerboard, this measurement is objective -a sort of 'electrocardiogram of the eye'.
In a recent study we reported reduced retinal contrast processing as a strong marker of the depressive status in unmedicated and medicated patients. 16 Figure 1 illustrates typical PERG recordings of participants with current depression and healthy controls in this previous study. The difference in contrast gain between patients and controls was remarkably strong and patients could be distinguished from controls at an individual raw-data level with high sensitivity and specificity. 16 Thus, the question arises as to whether this easy-to-assess signal might serve as a clinically relevant marker of depression. In particular, the present study examined whether deficient retinal contrast gain (as measured with the PERG) normalises after successful antidepressive therapies or if it remains abnormal even after remission of depression: is the PERG a state marker or a trait marker?
Method
The basic participant sample for this study is identical to that of our previously published baseline sample: there was no difference between these patients and the patients from the previous study, 16 which consisted of 40 patients (20 in-patients and 20 out-patients) and 40 controls. The 20 in-patients and the 20 out-patients in our previous study both presented with a significant reduction in baseline retinal contrast gain. The baseline contrast gain did not 
Aims
To analyse whether the contrast gain normalises after successful antidepressive therapy by recording the pattern electroretinogram (PERG) in healthy controls and patients with depression before and after antidepressive therapy.
Method
Fourteen patients diagnosed with major depression were repeatedly scanned and the results compared with that from 40 matched controls.
Results
The retinal contrast gain was lower at baseline in patients with depression, was normalised with remission and correlated with the severity of depression. Patients who did not achieve remission retained significantly lower contrast gain at follow-up.
Conclusions
The study provides evidence for a state-dependent modulation of retinal contrast gain in patients with major depression. Reduced contrast gain normalised after therapy. A PERG-based contrast gain could serve as a state marker of depression.
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The British Journal of Psychiatry 1-8. doi: 10.1192/bjp.bp.111.100560 differ significantly between the in-and out-patient groups. In absolute figures the out-patient group presented with a slightly, but non-significantly, decreased contrast gain. The 20 out-patients were diagnosed but not treated in our clinic. They were referred to an out-patient psychiatrist for further treatment and were lost to follow-up.
In order to assess treatment effects on the signal of interest, we tried to reassess all 20 in-patients in the initial in-patient sample (n = 20). In total, 14 in-patients with a diagnosis of major depression and 40 matched controls (control group) without any psychiatric disease took part in this study. We were unable to reassess the remaining six patients: two were not reassessed as a result of their own decision and four were lost to follow-up. All patients received medication and were investigated at the time of admission and after therapy. The baseline data of the 40 healthy controls and the patients have been published previously. 16 Here, we report the data of all available follow-up PERG studies to analyse this signal's longitudinal course.
Patients were identified from records in the Department of Psychiatry and Psychotherapy of the University Hospital of Freiburg following approval by the local ethics committee. The study was performed in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki. Patients were included after giving informed consent and were all in-patients admitted to the hospital for further therapy.
Inclusion criteria were a current diagnosis of a major depressive episode according to DSM-IV 17 criteria classified as major depressive disorder, single episode (DSM-IV: 296.2; 7 patients) or recurrent episode (DSM-IV: 296.3; 7 patients). Exclusion criteria were any other DSM-IV Axis I psychiatric disorder, chronic depression, any other general neurological or medical condition or any eye disease except for correctable refraction errors.
The psychiatric diagnosis was established by senior consultant psychiatrists based on a structured clinical interview following DSM-IV criteria. 18 In addition, all the patients and the control group were assessed psychometrically using the Beck Depression Inventory (BDI) 19 and Hamilton Rating Scale for Depression (HRSD) (German translation). 20 The severity of depression was categorised according to the cut-off levels in the BDI manual (German translation): mild to moderate if the BDI was between 11 and 18, and moderate to severe if it was greater than 18.
19
To detect any confounding effects from somatic antidepressant treatment on the target variable, we assessed the medication taken by the patients according to the unipolar antidepressant composite rating (UACR). 21, 22 This study was done in a naturalistic setting, meaning that our measurements coincided with the normal routine treatment of in-patients. The follow-up was conducted at the time of discharge and treatment outcome was evaluated with BDI and HRSD scores. Following the general recommendation for interpretation of BDI and HRSD scores for non-symptomatic states, we defined remission a priori as a BDI of 410 and a HRSD of 47.
We set no restrictions with respect to pharmacological or psychotherapeutic therapy in the context of this study. Therefore, the 14 patients' medication varied greatly. The precise medication taken by the patients at baseline was as follows: one patient was on benzodiazepines; two patients underwent monotherapy with mirtazapine or venlafaxine; four patients took a combination of selective serotonin reuptake inhibitors (SSRIs) or venlafaxine with mirtazapine; one received a combination of a tricyclic antidepressant and an SSRI; and six were taking a complex combination of more than two psychotropic drugs. The patients' medication at the follow-up was: one patient was not taking medication; three patients underwent monotherapy with mirtazapine, an SSRI or lithium; one received a combination of a tricyclic antidepressant and venlafaxine; eight were under a complex combination of more than two psychotropic drugs; and one received a combination of an SSRI and lithium.
During the course of the study, four patients received antipsychotic medication; three of these individuals had achieved remission and one had not. Owing to the small patient numbers, we could not further elucidate any possible relationships between antipsychotic medication and contrast gain.
At baseline two people who achieved remission received risperidone; in one person the medication was discontinued and in the other person it was switched to quetiapine. Furthermore, one patient with non-remitted depression received quetiapine at baseline and at follow-up. Finally, one patient received quetiapine at follow-up.
Following UACR criteria, four patients on medication received a score of zero at baseline due to low dosage and short duration of antidepressant medication. Two patients on medication were under moderate-intensity treatment and eight patients underwent high-intensity somatic therapy. Accordingly, at the time of follow-up, one patient was on no medication, two were on moderate treatment and 11 patients received high-intensity somatic treatment (including the four patients with non-remitted depression).
The control group, identical to that of our previous paper, 16 comprised 40 age-and gender-matched healthy individuals without a history of neurological or mental disorders, all of whom scored within the normal range of the BDI and HRSD. 16 All participants had a visual acuity above 20/25 wearing appropriate correction, measured at the distance used for visual stimulation. 23 
Stimulation and recording
Stimulation, recording and analysis were performed using the EP2000 system. 24 All details were as described in our previous article. 16 Briefly, in a dimly lit room, the stimuli were generated with a resolution of 8006600 pixels at a frame rate of 75 Hz and displayed on a display covering a field size of 328627.08 at an observation distance of 57 cm with a mean stimulus luminance of 45 cd/m 2 . Our patients were refracted as necessary to the observation distance. To ensure appropriate fixation and accommodation, they reported digits that appeared in random intervals in place of the fixation target.
To assess the PERG-based contrast gain, a sequence of five checkerboard stimuli with 0.8 check size, contrast-reversing at 12 reversals per second, was presented with contrast levels of 3.2%, 7.3%, 16.2%, 36% and 80%. Each contrast level was presented for 10 s, and then the next contrast was applied, returning finally to the first contrast level. This interleaved sequence was presented until 80 artefact-free trials per contrast (1.0 s length each, containing 12 responses) were accumulated. The interleaved blocking ensured that any sequential effects (for example, fatigue) distributed equally across all contrast values. The protocol was repeated once, and further analysis was based on the vector average of each pair of recordings.
The PERG signals were recorded simultaneously from both eyes using DTL electrodes 25 placed at the lower limbus of each eye. These were referenced to gold cup electrodes at the ipsilateral outer canthi; one earlobe was grounded. Participants were instructed to blink infrequently during recording and to maintain a relaxed pose. Sweeps exceeding +130 mV were rejected as artefacts, and the number of artefacts per condition was saved with the PERG data. Participants reported small digits appearing randomly in place of the fixation cross to ensure correct fixation and accommodation. The test-retest reproducibility of the PERG can be very good with careful electrode placement; when quantified by the coefficient of variation this was reported to be below 10%. 26 The potentials were amplified, filtered (first order 0.5-100 Hz) and digitised at 1 kHz with 16-bit resolution. To prevent temporal aliasing, all timing (stimulation, analogue sampling, sweep length) was related to the stimulus monitor frame rate. The recording's total duration was approximately 1 h per participant.
Data analysis
Offline, all traces (Fig. 1, far left column) were Fourier-analysed to calculate the magnitude spectrum (Fig. 1, right part 16 This slope will be referred to as the 'PERG-based contrast gain' or 'contrast gain' throughout this paper and represents the average from both eyes in each participant. The entire analysis is fully automatic and does not require manual peak measurement, thus no need for masking procedures arose.
Statistical analysis
The R statistical system 29 was used by M.B. to analyse the data. Post hoc analysis was performed to test the effects of type of diagnosis and medication. Spearman rank correlations between contrast gain and the BDI and HRSD scores were calculated.
Results

Electrophysiological findings
In Fig. 1 , the original PERG data from two participants are illustrated. The left column shows that the PERG amplitude rises in response to increasing contrast of the checkerboard stimulus. The middle column demonstrates less increase in PERG amplitude in response to an increase in the stimulus contrast, which is apparent at the raw-data level of an individual patient. The third column illustrates that this 'PERG pathology' normalises in the same patient after remission of depression.
From the original PERG data the contrast gain in mV/100% is derived ( Fig. 2(a) ). The group comparison revealed a highly significant difference in the contrast gain between healthy controls (left box in Fig. 2(b) ) and patients with current depression at baseline (middle box in Fig. 2(b) , P50.0001, remaining significant after correcting for multiple testing). The contrast gain of the 10 patients with remitted depression (right box, Fig. 2(b) ) did not differ significantly from the controls at follow-up (t-test, P = 0.35) -in fact, its median was even a little higher than the median of the controls. In total, 4 of the 14 medicated patients did not remit during the course of the study as indicated by their BDI and HRSD scores ( Table 1 ). The PERG gain of those patients did not differ significantly from the patient group at baseline (t-test, P = 0.96). Additionally, at baseline there was no significant difference between the non-remitted and the remitted groups (P50.16).
In summary, the visual deficit as seen in the PERG normalised with remission. These effects are apparent on an individual basis when comparing the contrast gain at baseline with follow-up ( Fig. 3 and Table 2 ).
Duration of antidepressant therapy
The duration of antidepressant treatment was highly similar for the two depression groups (P = 0.74). For the non-remitted group, the mean treatment time was 12.3 weeks (s.d. = 5.0) in contrast to 13.5 weeks (s.d. = 6.4) in the remitted group. Because this study was done in a naturalistic setting, we did not intervene with the individual discharge schedule and ended up with a slightly longer treatment period for the remitted group. In this context four patients were discharged not fully remitted. However, there was no correlation between duration of therapy and contrast gain (rho (r) = 0.081, P = 0.78). We compared the contrast gain of the four individuals in the non-remitted group with four individuals in the remitted group matched for treatment duration and found again a highly significant difference in contrast gain (P50.0003). The treatment time for the matched remitted group was 11.8 weeks (s.d. = 5.5). The same was true when we matched for age (P50.0003). The mean age of the matched remitted group was 49.5 years (s.d. = 10.8).
A linear mixed-effect model for statistical analysis emphasised that the change in contrast gain depended on the status of the patients as remitted, not on the time of investigation. It detected a highly significant difference in contrast gain for the patients with remitted depression (P50.001). The effect for investigation at baseline or follow-up was not significant, representing the high reproducibility of the result (P50.79).
Medication effects
The precise medication taken by the patients at the time of study varied because of our study's naturalistic design. Since most of the 14 patients taking medication received complex antidepressive medication of more than two drugs (see Method), we were unable to identify effects of specific substance classes such as SSRI or tricyclic agents on contrast processing. Furthermore, we observed no significant correlation between intensity of somatic treatment (UACR) and contrast gain. The four individuals in the non-remitted group did not receive any medication not given in the remitted group. In addition, removing the four patients receiving antipsychotic medication did not change the results.
Contrast processing and depressive subsyndrome
The type of depression -whether recurrent or a first depressive episode -had no effect on the mean contrast gain.
Severity of depression
To analyse the effect of severity of depression on contrast gain, we compared the BDI and HRSD with the PERG-based contrast gain. The correlation between both BDI and HRSD depression scores and contrast gain across all the control group and patients with depression in the whole patient group and all visits (r = 70.48, P50.0001 and r = 70.40, P50.001, respectively) was highly significant. When looking only at the patient group and combined visits (visit 1 and 2), the results did not differ (r = 70.58, P50.0001 and r = 70.55, P50.003). The results for the BDI at the follow-up are displayed in Fig. 4 .
A receiver operating characteristic (ROC) analysis was performed to assess the robustness of the results: the BDI limit varied from 6 to 20 (bracketing the nominal threshold score of 410) and HRSD from 1 to 20 (bracketing the nominal 47 threshold score). Healthy control (left), a patient with depression (centre) and the same patient with remission on medication (right). These recordings illustrate a clear reduction in PERG amplitudes in an individual with depression (upper row, middle), which returns to normal levels after remission of depression (upper row right; recording of healthy individual upper row left). The stimulus contrast increases from 3.2% (bottom) to 80% (top). There are raw PERG traces for each participant on the left (the ordinate spans 8 mV, the abscissa 950 ms), and on the right, the Fourier magnitude spectra from 1 to 100 Hz. The expected response is at 12 Hz (the reversal rate). For high contrasts there is also a third harmonic response at 24 Hz, and the prominent spectral line at 50 Hz represents a mains artefact well separated in frequency space. For further analysis see Fig. 2 . OD, right eye; OS, left eye.
The ROC was characterised via its area under the curve (AUC). The results can be summarised as follows: if threshold HRSD is 7 or higher, and BDI between 10 and 11, the AUC is 1.0, corresponding to 100% specificity and sensitivity. Lower scores for both parameters lead to a loss of sensitivity and a steady decline of AUC down to the chance level 0.5 for HRSD below 4; which is to be expected. For scores above the optimal region of HRSD = 7/BDI = 11 there is a loss of specificity, but AUC only goes down to 0.77 and the decline is much shallower. These calculations demonstrate that the PERG gain has a finite operating region. Specifically, when the depressive state becomes 'too normal', PERG gain looses sensitivity.
Discussion
Main findings
In our previous paper we reported a reduced retinal contrast gain as an objective marker of depression in humans. 16 The goal of the present study was to investigate the potential differences in this signal in response to successful and unsuccessful therapy. Here we demonstrate a normalisation of what had initially been a reduced retinal contrast gain in patients with depressive disorder after remission from depression.
Although the sample size of our follow-up measurements is small, the results are statistically highly significant. When looking at the individual raw data as illustrated in Figs 3 and 4 it becomes clear that there was a marked improvement in contrast gain in all individuals with remitted depression. The coordinates of contrast change (Fig. 3) clearly separated those whose condition remitted from those whose did not. Figure 4 illustrates that this improvement in contrast gain was accompanied by symptomatic improvement as measured with the BDI.
Thus, the initial reduced contrast gain in the patients normalised in those who remitted, whereas the contrast gain in the non-remitted group remained decreased. The results point to an important and relevant neurophysiological signal with respect to the depressive state.
Neurophysiological interpretation of contrast gain in depression
The question arises how alterations of contrast gain at the level of the retina could be related to the pathophysiology of depression. Changes in contrast processing have also been found in Parkinson's disease. From animal and human studies there is reliable evidence that contrast processing is altered according to In (a) the symbols represent the spectral response magnitude, the oblique lines depict linear fits. The slope of the linear model is interpreted as the PERG-based contrast gain. In (b) healthy controls (left) and patients in remission (right) do not differ significantly, whereas patients with current depression present with a significantly reduced contrast gain. Boxplot details on the right: the median is indicated by the thick horizontal lines, the notches represent a 95% confidence interval for the medians, the box covers the 25-75% percentile range, the 'antennas' indicate the range, outliers are indicated by circles. dopaminergic status. 12, 13, [30] [31] [32] [33] The dopaminergic amacrine cells of the retina are known to be crucially involved in modulating retinal contrast processing. 34, 35 Therefore, we hypothesise that the strong change in the retinal contrast gain is related to dopaminergic dysfunction of the retina.
In Parkinson's disease, dopaminergic disturbance in the visual system is just one aspect of a more widely distributed dopaminergic pathology predominantly affecting the nigro-striatal system. 12 In analogy, the possible disturbance of dopaminergic neurotransmission in the visual system of people with depressive disorder might represent just one facet of a more widely distributed pathology affecting the systemic dopaminergic system of the brain. Thus, retinal contrast gain might indicate the functional integrity of the systemic dopaminergic system, in particular the mesolimbic branch. This mesolimbic dopaminergic system innervates critical structures of affective information processing such as the amygdala, the nucleus accumbens and the prefrontal brain.
From a number of studies, there is support for an alteration in the dopaminergic system in depressive disorder. [36] [37] [38] [39] Antidepressant treatment has been found to enhance dopaminergic function and influence electrophysiologically measured responses of visual perception. 7, [40] [41] [42] The change in visual perception has been reported over a broad variety of antidepressant substance classes or treatment forms. The patients that stayed depressed (indicated by crosses) are near the identity line, whereas those who remitted (diamonds) presented with a significant improvement after remission, and their contrast gain fell within the normal range. PERG, pattern electroretinogram. 
Limitations
Due to the naturalistic setting it was not possible to have complete control over all factors and some limitations of the study have to be addressed. Because of the small sample size per medication group, we are not able to comment on any medication effect on the retinal contrast gain due to the lack of respective statistical power. Therefore we cannot comment on whether more adrenergic drugs influenced the improvement in retinal contrast gain more than, for example, serotonergic drugs. Such questions will have to be answered in future studies. Although, both groups did not differ significantly in the mean duration of antidepressant treatment and we compared the 4 individuals with non-remitted depression with 4 participants whose depression remitted with an even shorter duration of antidepressant treatment, the nonremitted group received a shorter period of antidepressant treatment than the remitted group and we cannot fully exclude the possibility that this might have influenced the outcome. Furthermore, we were not able to balance the follow-up time completely. Both BDI and HRSD scores correlated strongly with the PERG contrast gain. Therefore, we assume that the improvement and normalisation of contrast gain after successful therapy here is a basic correlate of the depressive state. This view is supported by the fact that we did not find any relationship between duration of antidepressant treatment and contrast gain. Thus, the change in contrast gain seems to be physiologically related to the change in severity of depression. This assumption is further supported by findings from an early study where a change in flash-evoked potentials was related to a reduction in severity of depression as measured with the HRSD. 43 The ROC analysis revealed that the PERG-based contrast gain mirrors depression state best in intermediate depression. In addition, it should be recognised that there are other factors that reduce specificity of PERG-based contrast gain as a state marker: poor optical imaging (wrong glasses) or glaucoma, for instance, also affect the PERG; such confounding factors need to be excluded.
Implications
In summary, we report a normalisation of an initially reduced contrast gain in patients who remitted from a depressive episode and postulate that contrast gain is a marker of the depressive state. Based on these findings, we hypothesise that retinal contrast gain is an indicator of the functional state of the mesolimbic dopaminergic system, which in turn might be essentially linked to the clinical state of depression. The results are of high relevance if replicated, because the method would provide a marker in animals and humans to investigate treatment success in both established medications and new compounds. 
